Recently, polymeric foams filled with a silica aerogel have been developed. The phase behavior of CO 2 /silicon alkoxide binary systems and CO 2 /silicon alkoxide/polymer ternary systems is an important factor that affects the design of novel processes. The phase behavior of a carbon dioxide (CO 2 )/methyl trimethoxy silane (MTMS)/polystyrene (PS) ternary system was measured using a synthetic method involving the observation of the bubble and cloud point. The phase boundaries were measured at temperatures ranging from 313.2 to 393.2 K and CO 2 weight fractions between 0.01 and 0.08. The CO 2 /MTMS/PS system showed a similar CO 2 mass fraction dependence of the phase behavior to that observed for the CO 2 /tetramethyl orthosilicate (TMOS)/PS system. When the phase boundaries of these systems were compared, the vapor-liquid (VL) and vapor-liquid-liquid (VLL) lines were found to be nearly identical, while the liquid-liquid (LL) lines were different. These results indicate that the affinity between the silicon alkoxide and polymer greatly influences the liquid-liquid phase separation.
Introduction
An aerogel is a porous material prepared by replacing the solvent within a gel with a gas upon supercritical drying without destroying its structure [1] . The first example of aerogel was reported by Kistler and co-workers in 1931 [2] , and consisted of silica, alumina, nickel tartrate, tungsten oxide, gelatin, agar, nitrocellulose, cellulose, and ovalbumin.
Aerogels with a porosity of more than 90% are promising materials due to their exceptional lightweightness and thermal insulation properties. Especially, while the thermal conductivity of a general insulator is about 20 to 45 mW/(m K), the thermal insulation property of aerogels was reported to be lower [3] . In particular, their thermal conductivity is the lowest among free-standing solids due to their fine porous structure. The mean free path of nitrogen molecules at room temperature is about 70 nm. If pores smaller than this are formed, the convection of gases as well as the molecular thermal momentum exchange does not occur within an aerogel. In other words, an aerogel possesses a thermal insulation close to that of vacuum. Therefore, it is considered for use as thermal insulator in industrial applications. In recent years, it has been used for the preparation of thermal insulating glass. It is prepared by dispersing the aerogel particles in glass or by sandwiching and pressure bonding block-shaped aerogel with glass [4, 5] . 
Experimental Apparatus and Procedure
In this study, the ternary system phase diagram was reduced using a synthetic method. The details of the experimental apparatus and procedures employed have been described elsewhere [18] .
In brief, appropriate amounts of PS, MTMS, and CO 2 were introduced into the front part of a variable-volume view cell containing a moving piston. The composition in the front part of the cell was calculated from the mass of the materials. The cell was heated to the desired temperature and then pressurized by moving the piston from the back part of the cell until a single phase was achieved. Next, the pressure was slowly decreased until the phase separation occurred. The phase separation points were visually observed through the view window. In this system, the cloud-point (CP) and bubble point (BP) were confirmed as the phase separation points. The CP is defined as the point at which the solution becomes so opaque that it is no longer possible to see the magnetic stirring tip in the cell. The BP is defined as the point at which small bubbles appear in the cell. Upon returning to the state before pressurization, the mixture was re-pressurized to obtain the single phase again. This process was repeated at least five times, and the numerical average of the values excluding the maximum and minimum values was determined.
For all the measurements, the total uncertainties were ±0.1 K, ±0.01 MPa, and ±1.32 × 10 −3 (CO 2 /MTMS/PS system) in terms of temperature, pressure, and composition, respectively. The details of the uncertainties have been previously described [17] , and the calculated composition errors are listed in Tables 2-5 .
Results and Discussion
The experimental results are shown in Figures 1-6 and summarized in Tables 2-5 . Figure 1 shows a typical phase diagram of a CO 2 /MTMS/PS ternary system. The horizontal axis represents the CO 2 mass fraction, while the vertical axis indicates the pressure. The CO 2 /MTMS/PS system exhibited two different types of phase behavior with changes in the CO 2 mass fraction. Such behavior is similar to that of CO 2 /TMOS/polymer systems, whose details have been previously described [17] . Furthermore, this behavior is similar to that of CO 2 /MMA/PDMS systems also reported by Santos et al. [20] . 
Effects of Experimental Parameters
The effects of the molecular weight, temperature, and PS ratio to MTMS on the phase behavior of the CO2/MTMS/PS ternary system was found to be similar to that observed for a CO2/TMOS/PS ternary system [17] . The main features of the CO2/MTMS/PS ternary system are discussed below. Figure 2 shows the effect of the polymer molecular weight on the CO2/MTMS/PS system. With increases of the polymer molecular weight, the vapor-liquid (VL) and the vapor-liquid-liquid (VLL) lines did not change, while the liquid-liquid (LL) line shifted towards the lower CO2 mass fraction. The VL lines of a CO2/MTMS binary system [19] as well as the VL and VLL lines of the CO2/MTMS/PS ternary system were compared using polymer-free bases. As shown in Figure 3 , the solid lines indicate the vapor-liquid equilibrium of the binary system calculated using the Peng-Robinson equation of state (PR EoS). The details of this calculation are described in a previous 
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Comparison with the CO2/TMOS/PS System
On the other hand, the effect of the silicon alkoxide species could be seen in the LL lines. The LL line of MTMS was separated from the VL line at a lower CO2 mass fraction compared to TMOS, and the homogeneous phase of MTMS was smaller. Hereafter, the affinity between each component was considered. Since CO2-PS was common in both systems, and the affinity between CO2 and silicon alkoxide was almost the same from the results of the VL lines; only the affinity between the silicon Figure 5 . Effect of the MTMS:PS ratio on a CO 2 /MTMS/PS ternary system at 313.2 K and constant CO 2 mass fraction of 0.09. Figure 6 shows the difference of the phase behavior depending on the silicon alkoxide species. The comparison between ternary and binary systems revealed that the polymer was not involved in the gas phase separation. Furthermore, it was found in previous studies that the VL lines of CO 2 /TMOS and CO 2 /MTMS binary systems almost coincided [19] . In other words, the removal of an oxygen atom from one of the methoxy groups of TMOS had no effect on the phase diagram, and no difference in affinity was observed between CO 2 and TMOS or MTMS. As a result, the gas phase separation (VL and VLL) lines of the system including TMOS almost agreed with those of MTMS.
Comparison with the CO 2 /TMOS/PS System
On the other hand, the effect of the silicon alkoxide species could be seen in the LL lines. The LL line of MTMS was separated from the VL line at a lower CO 2 mass fraction compared to TMOS, and the homogeneous phase of MTMS was smaller. Hereafter, the affinity between each component was considered. Since CO 2 -PS was common in both systems, and the affinity between CO 2 and silicon alkoxide was almost the same from the results of the VL lines; only the affinity between the silicon alkoxide and PS could affect the LL line. As described above, when the affinity was lowered and the polymer molecular weight decreased, the homogeneous phase region narrowed. As a consequence, it could be assumed that TMOS had a better affinity to PS than MTMS.
The affinity between the components can be discussed in view of the solubility parameter [26, 27] . There are one to three component solubility parameters. In this case, the one component solubility parameter (Hildebrand parameter) [28, 29] was adopted. Unfortunately, the solubility parameters of the silicon alkoxide were not reported. Therefore, they were calculated by the group contribution method reported by Fedors [30] . The solubility parameters in this work [27, 30, 31] are listed in Table 6 . The smaller the solubility parameter difference is, the better the affinity between the components. As shown in Figure 5 , TMOS is closer to PS than MTMS. Thus, TMOS had a better affinity to PS than MTMS, which is consistent with the results of the phase behavior.
The solubility parameter of the components increased in the order of silicon alkoxide < polymer < CO 2 , and the relative relationship did not change depending on the silicon alkoxide and polymer species. Unfortunately, it is difficult to explain the effect of the polymer species according to the one component solubility parameter.
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Conclusions
A phase diagram for a CO2/MTMS/PS ternary system was obtained over a wide range of temperatures, pressures, and polymer mass fractions. The effects of the polymer molecular weight, temperature, and MTMS:PS ratio showed a similar tendency as that observed for the CO2/TMOS/PS [27] . (2) Estimated as mentioned in the text [26] . (3) Reported by Krevelen [23] .
A phase diagram for a CO 2 /MTMS/PS ternary system was obtained over a wide range of temperatures, pressures, and polymer mass fractions. The effects of the polymer molecular weight, temperature, and MTMS:PS ratio showed a similar tendency as that observed for the CO 2 /TMOS/PS ternary system. However, the LL line of MTMS separated from the VL line at a lower CO 2 mass fraction in contrast to the case of TMOS. This could be explained from the difference in affinity between the silicon alkoxide and PS, which also agreed with the trend found for the solubility parameter. The phase behavior varied with the silicon alkoxide species, and the preparation conditions of the polymeric foam changed. This information is important for the design and development of novel processes. Unfortunately, it is difficult to explain the effect of the polymer species according to single component
